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We propose and experimentally demonstrate a novel approach to a heralded single photon source
based on spectral multiplexing (SMUX) and feed-forward-based spectral manipulation of photons
created by means of spontaneous parametric down-conversion in a periodically-poled LiNbO3 crystal.
As a proof-of-principle, we show that our 3-mode SMUX increases the heralded single-photon rate
compared to that of the individual modes without compromising the quality of the emitted single-
photons. We project that by adding further modes, our approach can lead to a deterministic SPS.
Photonic quantum information processing promises
delivering optimal security for sensitive communication
[1], solving certain computational problems much faster
than classical computers [2, 3], and estimating physi-
cal parameters with significantly improved resolution [4].
Many of these applications rely on sources of determin-
istic (on-demand) and near-perfect single photons [5].
The most common realization of a single-photon source
(SPS) is based on the generation of correlated pairs of
photons (usually coined idler and signal photons) fol-
lowed by the detection of one member of the pair (hence-
forth assumed to be the idler), which heralds the pres-
ence of the other. In this scheme a crucial step is the
pair generation process, which is achieved through spon-
taneous parametric down-conversion (SPDC) or sponta-
neous four-wave-mixing (SFWM) in a nonlinear optical
medium. The experimental simplicity and versatility of
such heralded sources have earned them a role in numer-
ous quantum information applications [6]. In terms of
quality, these sources can produce highly indistinguish-
able photons, but their main limitation lies in the spon-
taneous nature of the pair generation. This means that
single pairs of photons are generated only with a certain
probability pn=1 < 1 and, moreover, there is a chance of
generating multiple photon pairs, which results in multi-
photon emission from the SPS (for pn=1  1 the proba-
bility for generating multiple pairs is pn≥2 ≈ p2n=1) and
hence non-pure single photon states. If the collection and
detection efficiency of the idler photon is very large, one
can use photon-number resolving detectors [7, 8] to in-
crease the purity, but the maximum single-photon emis-
sion probability will still be limited to pn=1 = 0.25 (as-
suming a thermal distribution)[9].
As an alternative to heralded SPSs (HSPSs) based on
photon pairs, efforts have been directed to implement
SPSs using single emitters. Such conceptually simple
sources are capable of deterministically emitting a sin-
gle photon within the emitter’s excitation lifetime, and
have been demonstrated in different physical systems
such as diamond colour centers [10], single molecules [11]
and quantum dots [12, 13]. This approach has led to
nearly deterministic generation of light with nearly per-
fect single-photon character. The main challenge with
single-emitter sources has been the lack of indistinguisha-
bility between photons emitted by different sources, or
even by the same source at different times. Though
progress in fabrication methods and active-control of the
properties of emitters may solve this problem, it currently
poses a significant drawback for practical applications.
A promising avenue to overcome the limitations of both
of the above sources is based on revisiting the heralded
SPSs. The scheme proposed in [14, 15] realizes in prin-
ciple a deterministic SPS by actively multiplexing many
non-deterministic heralded photon sources that emit pho-
tons in different modes. In this scheme, the detection of
an idler photon in any mode out of the chosen set her-
alds the presence of a signal photon in a corresponding
optical mode. Then, using a feed-forward signal from
the idler photon detector, the signal mode is mapped
onto a (predetermined) single mode. In doing so, the
probability to generate a single pair in at least one of
the modes increases linearly with the number of modes
m (for small pn=1), and the photon emission probabil-
ity after feed-forward-based mode mapping of the sig-
nal mode can hence be made to approach unity. At the
same time, the probability for multi-pair emissions into
the feed-forward-mapped output mode also increases pro-
portionally to m, which means that the ratio pn=1/pn=2
after mode-mapping, and hence the single-photon purity,
remains constant. Though, initially, this seems unsatis-
factory, it turns out to be far superior to the scaling for
an individual heralded SPS. In this case, if the same in-
crease of pn=1 by a factor of k = m were to be achieved
by increasing the SPDC pump-power, it would result in
an increase of pn≥2 by a factor of k2. Hence the ratio of
pn=1/pn=2 ∝ 1/k. In other words the non-multiplexed
HSPS would produced more and more multi-photons as
the emission rate is increased.
Multiplexed heralded sources have thus far been re-
alized using spatial [16, 17], temporal [18] and spatio-
ar
X
iv
:1
70
3.
02
06
8v
1 
 [q
ua
nt-
ph
]  
6 M
ar 
20
17
2temporal modes [19]. In some cases, they have shown to
outperform non multiplexed sources in terms of through-
put and quality. However, scaling up the number of
modes in the employed degrees of freedom requires more
resources, and generally impacts the overall performance.
In the case of spatial multiplexing, each additional mode
requires an independent source and an added switch-
ing connection that induces some amount of extra loss
[20]. Temporal multiplexing does not necessarily con-
sume more physical resources but does inevitably en-
croach on the repetition rate of the source and hence
limits the single photon throughput.
Here, we propose and demonstrate an SPS based on a
novel spectral multiplexing (SMUX) scheme in which the
source requirements and the system loss are independent
of the number of modes being multiplexed. The scheme
is based on defining spectral modes within the broad-
band spectrum of an SPDC pair source and applying a
feed-forward frequency-shift operation on the heralded
photon. We experimentally show that the single-photon
character is preserved by measuring a heralded auto-
correlation function g
(2)
H,0  1 for the heralded photons
with and without multiplexing and feed-forward control.
Moreover, directly comparing the multiplexed and non-
multiplexed output we deduce that, as expected, the her-
alded single-photon emissions increase linearly with the
number of modes. This allows compensating for the ad-
ditional loss caused by the non-ideal elements used for
the feed-forward operation for as few as three modes.
The experimental implementation of our scheme is
shown in Fig. 1a. A pulsed laser creating 18 ps-long
pulses centred at 523.5 nm wavelength pumps a 2 cm
long periodically-poled lithium-niobate (PPLN) crystal
to produce 350 GHz wide, frequency non-degenerate pho-
ton pairs composed of signal photon centred at 795 nm
and the idler at 1532 nm. The spectral distribution of
the pairs is conveniently illustrated by their joint spectral
amplitude (JSA) shown in Fig. 1b. The JSA represents
the probability amplitude to detect a pair of photons
with photons of frequencies νs and νi. Since each pair
of photons has to satisfy energy conservation, the JSA
is confined to the diagonal band (green region), whose
cross-sectional width is given by the spectral width of
the pump laser δνp. (The phase-matching condition is
assumed to be less restrictive than the energy conser-
vation, and is not considered in this pictorial represen-
tation. This assumption reflects standard experimental
conditions.)
The signal photons are transmitted to an optical delay
line while the idler photons are sent to a pair of diffraction
gratings (DGs) that map photons with spectra centred
at νi0 = 195.612 THz (1532.59 nm), νi+ = νi0 + 19 GHz
(1532.44 nm) and νi− = νi0−22 GHz (1532.76 nm), each
featuring a spectral width of 12 GHz (see Supplemen-
tal Material), onto distinct spatial modes. In the JSA
of Fig. 1b these idler spectral modes are highlighted as
orange (middle), yellow (upper) and red (lower) horizon-
tal bands. The idler photons in each mode are detected
using WSi superconducting nanowire single-photon de-
tectors (SNSPDs). When an idler photon is detected in
mode νi+, νi0 or νi−, it heralds the presence of a signal
photon with a central frequency of νs0 = 377.059 THz
(795.08 nm), νs+ = νs0 − 19 GHz (795.12 nm) or νs− =
νs0 + 22 GHz (795.03 nm), respectively.
The heralding signals from the output of the SNSPDs
are processed by a logic circuit that triggers the cre-
ation of a feed-forward signal in the form of a 700 ps
long pulse with suitable, linearly changing voltage. This
ramp signal is applied to the electrical input of a lithium-
niobate (LiNbO3) phase-modulator (LN-PM) that is op-
tically connected to the output of the 512 ns-duration
delay line for the signal-photon. As we will demonstrate
below, the LN-PM actively shifts the spectrum of the
heralded signal photon to a spectral band — shown as
vertical blue area in the JSA — determined by the trans-
mission of a Fabry Perot cavity (FP) with bandwidth
δνs = 6 GHz. Note that the frequency shifts are applied
to the entire spectrum of the signal photons, as indicated
by the dotted arrows in Fig. 1b. As a consequence, sig-
nal photons not corresponding to the heralded spectral
band are shifted out of the cavity resonance and thus
rejected. Finally, the signal photons are detected by a
silicon avalanche photodiode (APD) and a logic circuit
records coincidences with the heralding signals from all
SNSPDs.
To show how the frequency-shifting is realized by
means of the LN-PM, we consider a pulse of light
described in the slowly-varying-envelope approxima-
tion by Ein(x, t) = |E(x, t)| exp (i2piνs0t− ikx). The
electro-optic effect in the LN-PM translates a lin-
early changing voltage signal V (t) = At — ap-
plied during the passage of the optical pulse — into
a linear phase-ramp ϕ(t) = piV (t)/Vpi = Atpi/Vpi
of the optical pulse. Here, A is the slope of the
voltage-signal and Vpi is the pi-voltage of the LN-PM
i.e. the voltage required to obtain a pi phase-shift.
Hence, upon exiting the LN-PM, the pulse is described
by Eout(x, t) = |E(x, t)| exp (i[2piνs0t+ ϕ(t)]− ikx) =
|E(x, t)| exp (i2pi[νs0 +A/(2Vpi)]t− ikx)[21]. This high-
lights that the output pulse is frequency shifted by ∆ν =
A/(2Vpi) — which is the ratio of the voltage slope to the
2pi-voltage — while the temporal shape is unchanged. In
our experiment a heralding signal generated by the de-
tection of an idler photon with frequency νi+, νi−, or νi0
triggers the application of either a negative ramp with
A− ≈ −70 V/ns, a postive ramp with A+ ≈ 53 V/ns, or
no ramp (A0 = 0 V/ns), respectively (see Supplemental
Material for details).
We first characterize the spectral difference between
signal photons depending on which idler photon serves
as a herald. Towards this end we measure the heralded
single photon rates for each idler frequency mode (νi+,
νi0 and νi−) while tuning the resonance frequency of the
FP cavity that acts on the signal photon. To centre the
spectral transmission of the FP at νs0, we maximize the
coincidence counts when heralding exclusively with idler
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FIG. 1: a. Schematic. Pairs of of broadband (350 GHz) photons, at 1532 mm and 795 nm, are created by SPDC and
separated using a dichroic mirror (DM). Three modes are defined by diffraction of the idler photon using a pair of orthogonally
oriented 50 × 50 mm square diffraction gratings (DGs) with 600 lines/mm. After detection on a superconducting nano-wire
single-photon detector (SNSPD) cooled to 700 mK in a closed-cycle cryostat, the information about the frequency of the idler
photon is processed in the feed-forward logic unit and a ramp generator creates an electric signal that is sent to the lithium
niobate phase modulator (LN-PM). By applying different linear phase ramps, the heralded signal photons are frequency shifted
and transmitted through the FP cavity. They are subsequently detected by a silicon APD-a, and a coincidence unit establishes
correlations with detections in the SNSPDs. A removable 50/50 BS in the 795 nm path along with a second APD-b allows
for measurement of the autocorrelation of the signal field. b. Joint spectral amplitude and concept. In green, the joint
spectral amplitude for the photons produced by SPDC. The vertical and horizontal dashed lines delimit the spectral width of
the filters for the signal and idler photons, respectively. The arrows show, pictorially, how the frequency shifting acts on the
spectrum of the signal photons.
photons detected in mode νi0. Note that although the
LN-PM is part of the measurement set-up, it is not ac-
tive. The results are shown in Fig. 2a. For all modes, we
measure bandwidths of the heralded photon spectra of
around 37 GHz, which matches the convolution of the
pump laser bandwidth δνp = 24 GHz with the filter
bandwidths δνs = 6 GHz and δνi = 12 GHz. Further-
more, we find that the maximum coincidence rate for
each pair of photons is at the relative frequency differ-
ences of ∆ν− = −19 GHz and ∆ν+ = +22 GHz.
Next, we assess the performance of the linear ramp fre-
quency shifting (LRFS) by again recording the heralded-
photon spectra for each idler frequency-mode, but now
with the corresponding feed-forward signal applied to
the LN-PM. For these measurements, the resonance fre-
quency of the FP cavity remains fixed at νs0. As ex-
pected, the spectra shown in Fig. 2b now completely
overlap. Moreover, by comparing with the results in Fig.
2a, we observe that the detection rates with and without
LRFS are essentially equal. This shows that our setup
is capable of applying the on-demand frequency shift at
the single-photon level with nearly 100% efficiency.
Now we activate the full setup and evaluate the per-
formance of our frequency multiplexed heralded source in
view of the requirements of an ideal single photon source.
First, we measure the heralded single photon (HSP) rate
as a function of the pump power with and without mul-
tiplexing. The red, yellow and orange circles in Fig. 3
show the rates of signal photons (after spectral filtering
by the FP cavity) heralded by the individual frequency
modes at νi+, νi0 and νi−. The multiplexed HSP rate
for the SMUX source (green circles) is about 2.7 times
larger than that of the average of the individual sources,
i.e. a significant improvement over that for the individ-
ual modes. Yet, to make a fair comparison of the effect
of the SMUX, we compare the multiplexed HSP rate to
the rate when heralding with only the νi0 mode and with
the LN-PM removed, which, for the specific modulator
used in our experiment, adds 5 dB loss and is not needed
in the case of using only a standard HSPS without multi-
plexing. However, we keep the spectral filtering elements
on both idler and signal fields as these are necessary to
achieve pure states [22]. The rate obtained with the thus
modified source (purple circles) is similar to the SMUX
rate, which can be explained by the increased transmis-
sion due to having removed the LN-PM compensating
for the lack of multiplexing. Hence, in our experiment,
which employs 3 modes, spectral multiplexing does not
yet create an advantage in view of the HSP rate and in
creating a deterministic source. However, we emphasize
that increasing the number of modes would neither in-
crease the system loss nor require additional elements in
the signal mode. Hence, we can assume that the HSP
rate will continue to increase as more spectral modes are
added, rapidly surpassing that of the non-multiplexed
source.
Next, we verify that multiplexing maintains the sin-
gle photon character of our light source. One of the
most common methods for this is to determine its pu-
rity [23], which, for a heralded source, is generally quan-
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FIG. 2: Coincidences count rates without (a) and with (b)
frequency shifting. The horizontal axis correspond to the rel-
ative frequency difference of the cavity resonance with respect
to νs0. Coincidence rates between the signal and (heralding)
idler photons at frequencies ν+i, ν0i and ν−i are presented in
yellow, orange and red, respectively. The solid lines are fits
using F = Gνs ?Hνi ? Iνp , where Gνs is a Lorentzian function
describing the frequency response of the FP cavity; Hνi and
Iνp are Gaussians characterizing the filtering by the DGs and
the spectrum of the pump laser, respectively; and ? denotes
convolution.
tified in terms of its heralded auto-correlation function.
To measure this, we direct the heralded signal photons
after the FP cavity through a 50/50 beam splitter (BS),
and record the individual counts C
(i)
H (i ∈ {a, b}), in as
well as coincidences C
(ab)
H between, the detectors placed
at its two outputs (see Fig. 1a). Together with the to-
tal number of heralding signals, H, we define the her-
alded auto-correlation as g
(2)
H (0) = C
(ab)
H H/(C
(a)
H C
(b)
H )
(see Supplemental Material). Since detection in both de-
tectors can only occur if two or more photons are present
we expect C
(ab)
H /H ≈ pHn=2/2, where pHn=2 is the her-
alded two-photon probability. On the other hand, the
individual detector counts are dominated by single pho-
ton events such that e.g C
(a)
H /H ≈ pHn=1/2 (assuming
pn=1  pn=2). Clearly these considerations hold for the
multiplexed and non-multiplexed sources alike (see Sup-
plemental Material). Hence, the autocorrelation function
is approximated by g
(2)
H (0) ≈ 2pHn=2/(pHn=1)2, which pro-
vides a direct relation to the photon-statistics. In partic-
ular, g
(2)
H (0) ∼ 0 would indicate pHn=2 ∼ 0 and pHn=1 > 0.
Operating the source at maximum power with the LN-
PM (and hence the multiplexing) removed we obtain a
value of g
(2)
H (0) = 0.05±0.01. With the SMUX activated
and using the same pump power, we measure g
(2)
H (0) =
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FIG. 3: a HSP rate versus pump power for the individual
frequency modes (red, yellow and orange circles), for SMUX
of three modes (green circles) and for the ν0 mode without
the LN-PM in the signal photon mode (purple circles). Lines
are linear fits to the data.
0.06± 0.01, which equals the value without multiplexing
within experimental uncertainty. If the LN-PM loss were
lower we would thus achieve a larger HSP rate without
increasing the g
(2)
H (0) (see Supplemental Material). Both
experimentally measured g
(2)
H (0)  1, which indicates a
highly pure single photon character of the output mode.
Hence, we establish that the SMUX maintains the single
photon nature of the source. This conclusion is supported
by additional measurements of the so-called coincidence
to accidental ratio (CAR) measured with and without
the SMUX [24].
We did not directly measure the degree of distinguisha-
bility of single photons from our source, but based on the
experimental setup, we conjecture they must be nearly
indistinguishable. The reason for this is that the photons
emitted by our SMUX source pass through a FP-cavity
and are coupled into single mode fibre, which removes
any distinguishability in the frequency and spatial de-
grees of freedom. Finally, the fact that all signal photons
travel along the same path, from the point where they
are created to the point where they are detected, means
that their arrival times and polarization are the same (ir-
respective of which spectral mode they belong to), pro-
vided that chromatic dispersion and polarization mode
dispersion can be ignored.
In conclusion, we have generalized the idea of mul-
tiplexing supplemented by feed-forward control with the
goal of creating a high-quality heralded SPS from the spa-
tial and temporal degrees-of-freedom to the spectral do-
main. We have demonstrated that multiplexing of three
spectral modes leads to the expected increase in the her-
alded single photon rate while keeping the purity – the
noise caused by multiple-pair emission – constant. To
achieve these results we have implemented on-demand
frequency shifting of single photons over approximately
5±20 GHz with nearly 100% efficiency by driving a com-
mercially available LiNbO3 phase modulator with a lin-
ear voltage ramp. Unlike in the case of temporal or spa-
tial multiplexing [20], the required resources – with the
exception of the single-photon detectors – do not depend
on the number of modes, thus making this approach ap-
pealing for further development towards an ideal SPS.
There is a number of avenues to increase the heralded
single-photon rate of our source, the simplest being to
employ a phase-modulator with reduced loss. For in-
stance, the use of a readily available modulator with 1.5
dB loss – 3.5 dB less than in our current modulator —
would result in an improvement of the rate by about a
factor of 2.5. At a more fundamental level, more spectral
modes must be multiplexed. This can be achieved both
by increasing the spectral mode density (e.g. by taking
advantage of commercially available ultra dense wave-
length division multiplexers with 6 GHz bandwidth), as
well as by improving the total bandwidth – the latter ne-
cessitating improvement of the maximum frequency shifs
using higher-bandwidth electronics [25–28]. Assuming 6
GHz wide spectral channels and an 8-fold increase of the
shifting range to 350 GHz (the spectral width of the pho-
tons created by our source), it seems feasible to reach 60
spectral channels. This will suffice for creating at least
one heralding event per pump pulse and for making the
source as close to deterministic as loss in the signal path
allows [9]. And as the SPDC spectrum is determined by
the length of the non-linear crystal and phase-matching
conditions, even larger bandwidths and thus more modes
may be feasible.
To finish this paper, let us note that spectral multi-
plexing has also been proposed to improve the rate of
entanglement distribution in a quantum repeater archi-
tecture [29]. However, the proof-of-principle demonstra-
tion in [29] was still lacking the feed-forward control. Our
current demonstration therefore also establishes an im-
portant element in this architecture.
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Spectral mode selection
In order to select the different spectral modes for the
heralding photons, i.e. the idler modes at ∼ 1532 nm,
we use a home-made spectrometer that is composed of
two diffraction gratings (DGs) (Thorlabs GR50-0616) or-
thogonally oriented with respect to each other. The idler
mode is expanded to a spot-size of ∼ 23 mm in order to
illuminate a large number of grooves on both diffraction
gratings (recall that the spectral resolution scales linearly
with the number of groves that the optical mode covers
[1]). After the two DGs, the different spectral modes are
coupled into separate single-mode fibres. The spectral
bandwidth of each mode is determined by the angular
spread caused by the gratings together with the size of
the spatial mode supported by the optical fibre.
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FIG. 1: Spectra of the different spectral modes defined in
the idler photon by the DGs. The total transmission through
the spectrometer (in percentage) shown for each relative fre-
quency mode, measured with respect the central mode νi0
(1532.59 nm). The modes νi− and νi+ are separated by
∆ν+ ≈ 19 GHz and ∆ν− ≈ 22 GHz, respectively. The band-
width is δνi ≈ 12 GHz for the three modes. Experimental
points are fitted with Gaussian functions.
The bandwidth and transmission of each spectral mode
(νi−, νi0 and νi+) is measured by scanning the wave-
length of a tuneable continuous wave laser and recording
the transmitted light intensity coupled into each of the
three fibres. The results are plotted in Fig. 1. The band-
width δνi is around 12 GHz for each of the three modes,
and the transmissions are 25%, 22% and 30% for the
modes centered at νi−, νi0 and νi+, respectively. Note
that the mode overlap is negligible. The frequency sep-
aration between the modes is matched to the frequency
shifts of our feed-forward system, which we describe in
the next section.
Frequency-shifting of single photons and ramp-signal
generation
Frequency-multiplexing of heralded single photons re-
quires photonic devices that actively change the fre-
quency of the photons on-demand. As discussed in the
main text, we shift the frequency of the signal photons
by applying a linearly varying phase ramp by means of a
lithium niobate phase-modulator (LN-PM) [2]. The mag-
nitude ∆ν of the frequency-shift in hertz is proportional
to the rate dφ(t)/dt of increase/decrease of the phase dur-
ing the passage of the photon. Assuming a linearly vary-
ing voltage V (t) = κ t applied to the phase-modulator,
we can write
∆ν =
dφ(t)
2pidt
=
pi
Vpi
dV (t)
2pidt
=
κ
2Vpi
, (1)
where Vpi is the pi-voltage of the LN-PM, i.e. the DC-
voltage required to change the phase of the passing light
by pi radians. We assume that Vpi is independent of the
rate of change of the applied voltage modulation or, in
other words, that the bandwidth of the phase-modulator
is greater than the relevant spectral components of the
input voltage signal. Furthermore, we assume that Vpi is
constant over the total bandwidth of the signal photons.
In our set-up the voltage signal is generated from a
home-built ramp-signal generator. Figure 2a depicts the
schematic of our electronic circuit. The key component
in the circuit is a high-voltage and large-bandwidth radio
frequency (RF) transistor that acts as an inverting elec-
trical amplifier. The ramp-signal generator takes an in-
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FIG. 2: (a) Schematic circuit for ramp-signal generation; (b)
Typical output of the generator.
put signal, such as an appropriately shaped single-photon
detector output, and outputs a pi-phase shifted (negative)
high-voltage pulse with linearly increasing falling and ris-
ing edges as shown in Fig. 2b. The pulse amplitude is
-35 V, and the falling and rising edges (shaded regions)
are around 700 ps long. When the temporal wave-packet
of the photon overlaps with the falling or rising edge of
the pulse, Eq. (??) predicts that the spectrum of the
photon is shifted in the negative or positive direction, re-
spectively. Since the slope of the rising and falling edges
are slightly different, our set-up provides frequency shifts
of ∆ν− = −22 GHz and ∆ν+ = +19 GHz, which agree
with the spectral mode filtering shown in Fig. 1.
The feed-forward control circuitry, which selects the
correct value for the frequency shift depending on which
idler mode provides the heralding detection, also adjusts
the timing of the input pulse of the ramp generator. More
specifically, the heralding signals from the νi− and νi+
modes are delayed with respect to each other such that
for the former, the falling (front) and for the latter the
rising (back) edge of the output pulse coincides with the
passage of the signal photon through the LN-PM. If a
herald originates from the νi0 mode no frequency shifting
is required and the heralding signal is just not input into
the ramp-generator.
Frequency shifting at the single-photon level has been
employed in previous experimental demonstrations [2, 3].
To put our ramp-signal-based frequency-shifting method
into context with these single-photon frequency shifters,
we define a ‘time-bandwidth-like’ product that can serve
as a figure-of-merit to gauge the performance of different
approaches. The ‘time’ factor in our figure-of-merit is the
maximum temporal duration ∆τ of the optical pulse that
will experience a constant frequency-shift. For a Fourier-
transform-limited optical wave-packet, a larger ∆τ indi-
cates that a spectral mode with smaller spectral width
can be defined, thus more distinct spectral modes can be
obtained given the total spectral range of the frequency
shifter. The ‘bandwidth’ factor is the maximum absolute
frequency-shift ∆νmax of the optical spectrum. A larger
∆νmax means a broader spectral range that a frequency
shifter can cover. Putting both of them together, a fre-
quency shifter with larger ‘time-bandwidth-like’ product
indicates that it can manipulated more spectral modes,
which is desired for spectrally multiplexed heralded sin-
gle photon sources and for light-matter interfaces based,
spectrally multiplexed quantum repeaters [4, 5].
We are able to achieve a time-bandwidth product of
0.7 ns × 22 GHz = 15.4. Although larger frequency
shifts have been demonstrated, the above-defined figure-
of-merit in those experiments was one order of magnitude
smaller. For example the time-bandwidth product was
6.25 ps×200 GHz = 1.25 in [2] and 4 ps×150 GHz = 0.6
in [3]. The key factor that allows us to achieve the large
‘time-bandwidth-like’ product is that the frequency of
our single photons is shifted with a single ramp-signal
pulse of < 2 ns duration. As a consequence, even though
we use a high-voltage signal at the LN-PM input, the
root-mean-square (RMS) power applied to the LN-PM is
very small. This is in contrast to the electronic signals
with large RMS power that were used in [2, 3].
Heralded auto-correlation function
In this section we provide some basic insight into
how the auto-correlation function can be used to gauge
the performance of a heralded single photon source and
how it is affected by multiplexing. The heralded auto-
correlation function, g
(2)
H (0), is commonly used to deter-
mine the single photon purity [6, 7] of the signal mode
after heralding by the detection of photon in the idler
mode. Values of g
(2)
H (0) below 1 indicate a non-classical
light field with a value of 0 corresponding to an ideal
single photon.
To measure the auto-correlation function, the signal
mode is split equally on a beam-splitter ,and from detec-
tors placed at the two outputs we record the individual
3counts C
(i)
H (i ∈ {a, b}), the coincidental counts C(ab)H as
well as the number of heralding signals H (see Fig. 1a
in the main text). This allows us to define the heralded
detection probabilities, e.g. p
(ab)
H = C
(ab)
H /H, and thus
the heralded auto-correlation function as
g
(2)
H (0) ≡
p
(ab)
H
(p
(a)
H p
(b)
H )
=
C
(ab)
H H
(C
(a)
H C
(b)
H )
≈ 2p
H
n=2
(pHn=1)
2
. (2)
Here PHn=1 and p
H
n=2 correspond to the heralded prob-
abilities of having a single photon or two photons, re-
spectively, in the signal field, i.e. in the output of the
photon source. The definition in Eq. (??) does not dis-
tinguish between single mode and multiplexed operation
and is thus valid for both cases. The approximation,
which holds for pn=1  1, provides an intuitive link be-
tween g
(2)
H (0) and the photon number distribution, more
specifically the ratio of the undesired multi-photon prob-
abilities (which is usually dominated by the two-photon
contribution) to the desired single-photon probability in
the heralded output.
Experimentally, pHn=1 (p
H
n=2) can be estimated by
counting the number of single (two) photon events and
dividing it by the number of heralding signals H. For
a multiplexed source with a degree of multiplexing m
and assuming each mode operating under the same con-
ditions, the total number of single (two) photon events
and the total number of heralding signals both increase
proportional to m. This means that pHn=1 (p
H
n=2) remain
the same as in the single mode case, and, consequently,
the value of g
(2)
H (0) is independent of the number of mul-
tiplexed modes m.
The advantage of using a multiplexed source versus a
single mode source is that for a given value of g
(2)
H (0) —
which is related to the quality of the individual modes of
the source — the rate of heralded photons in the multi-
plexed case (CH ∝ mpn=1) is m-times larger than for the
non-multiplexed case (CH ∝ pn=1). If the multiplexed
operation adds extra loss, η, to the signal channel, the
multiplexed rate will be lowered to CH ∝ m(1− η)pn=1.
In conclusion, for a given g
(2)
H (0) a multiplexed heralded
photon source will outperform a non multiplexed source
in terms of photon output rates only if (1− η) < (1/m).
Due to extra loss introduced by the LN-PM in our cur-
rent implementation, (1 − η) = 0.32. In comparison,
using three modes, we find (1/m) = 0.33.
Efficiencies and transmissions
Table 1 list the transmissions and efficiencies of the
elements used in the experiment and identified in figure
1a of the main text. Furthermore, detector efficiencies
are 60 % for the Si-APD, and ≈ 70 % for the SNSPDs
(slight variations between different detectors are due to
different external losses).
Element label Transmission [%]
Optical Fiber loop Delay 81
Fabry-Perot Cavity FP 45
LiNbO3 Phase-Modulator LN-PM 32
TABLE I: Optical transmission for the different elements use
in our demonstration.
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